In this issue of Neuron, Cavaccini et al. (2018) identify and thoroughly describe a previously unknown role for hyper-localized serotonergic signaling in the modulation of striatal projection neuron plasticity using electrophysiological, chemogenetic, and optogenetic approaches in addition to advanced imaging technology.
Navigating the behavioral landscape relies on a fine balance of reward and punishment, pleasure and aversion, excitation and inhibition. In turn, these experiences of positive and negative association regulate goal-directed actions that define our interactions with the external environment. The minutia of this balance necessitates such fine-tuning that aberrations in the equilibrium leave one at odds with his or her ability to regulate behavior, manifesting in such disorders as addiction (Grueter et al., 2012) and obsessivecompulsive disorder (Figee et al., 2011) . Furthermore, in some cases, the regions governing the regulation of reward-and aversion-based learning similarly regulate the execution of behaviors guided by these learning mechanisms. This overlapping responsibility explains why dysfunction may similarly lead to such movement disorders as Parkinson's disease (Surmeier et al., 2014) .
Monoaminergic signaling has long been known to serve a crucial role in the striatal control of learning and directed actions, in particular in the dorsal striatum (DS), where competing inputs onto striatal projection neurons (SPNs) act as a quasirheostat in fine-tuning motor output and reward-based learning behaviors. Indeed, the DS receives significant inputs from both cortical and thalamic projections that tightly regulate the direct and indirect pathways, which in turn stimulate and inhibit, respectively, both movement and reward (Kreitzer and Malenka, 2008) . The focus of this regulatory control has traditionally been on the role of dopamine (DA) while understanding that serotonin's (5-HT) role has received comparatively limited attention.
In this issue of Neuron, Cavaccini et al. (2018) embarked on an ambitious exploratory mission at cortico-and thalamostriatal connections. The result of this formidable effort is a new map of the subcellular territory regulated by serotonergic signaling at direct pathway SPNs (dSPNs). Using a combination of chemogenetic, optogenetic, and electrophysiological techniques coupled with transgenic mouse lines, Cavaccini et al. (2018) elucidate the mechanistic underpinnings of spike-timing-dependent plasticity (STDP) in the form of long-term depression (t-LTD) at thalamostriatal synapses. They demonstrate a negative modulation by 5-HT 4A receptors on dendritic calcium signaling and, through the use of advanced imaging techniques, show that this mechanistic control of plasticity is tightly localized at dendritic shafts of the dSPNs.
The primary question asked by Cavaccini et al. (2018) is simple: what mechanisms comprise serotonin's role in governing SPN activity in the DS? Using transgenic hM4DiR DREADD receptor-expressing mice combined with an mCherry reporter to positively identify affected cells, they effectively silence serotonergic neurons of the dorsal raphe nucleus and show that t-LTD is inducible only under these conditions, whereas without the inhibition of serotonergic signaling, the STDP fails to engage this form of plasticity. Noting the density and known contributions to striatal circuitry of the 5-HTR subtypes 5-HT 4A R and 5-HT 6 R in this region (De Deurwaerdè re et al., 1997), they further dissect this modulatory control using bath perfusion of antagonists for either of these two receptors, concluding that only antagonism of the 5-HT 4 R recapitulates their chemogenetic findings. They continue by confirming that this t-LTD is not perturbed by the addition of a cannabinoid receptor antagonist, differentiating this form of plasticity from other LTD seen at striatal synapses (Manzoni et al., 1997) . Finally, through additional recordings to observe paired-pulse ratio measurements as well as intracellular peptide infusion to probe the necessity of AMPA receptor (AMPAR) endocytosis, they confirm that this form of plasticity is indeed postsynaptically localized and requires AMPAR internalization. This thorough set of experiments provides a working model for dSPN t-LTD gated by 5-HT 4 Rs lacking cannabinoid receptor involvement and requiring non-constitutive postsynaptic AMPAR internalization.
In an additional series of electrophysiological experiments, Cavaccini et al. (2018) Knowing that dSPNs may be modulated by both cortical and thalamic inputs, Cavaccini et al. (2018) sought to further define the input specificity of this 5-HT 4 R-modulated plasticity by using optogenetic stimulation of either corticostriatal or thalamostriatal afferents. First finding that optogenetic stimulation of cortical afferents fails to induce t-LTD even in the presence of a 5-HT 4 R antagonist, they move on to demonstrate that, conversely, the STDP protocol successfully does so at thalamostriatal synapses. To confirm their model of 5-HT 4 R positively modulating BK channels and thereby permitting the induction of t-LTD, they recapitulate the optogenetically induced t-LTD at thalamostriatal synapses with neither the previously used 5-HT 4 R antagonists nor chemogenetic 5-HT inhibition, though in the presence of a BK channel blocker. Then, in a final confirmation of this model, they use a separate optogenetic protocol to induce 5-HT release during the STDP paradigm, effectively blocking the induction of t-LTD at these thalamostriatal synapses.
In a final feat of thoroughly defining the underpinnings of this synaptic plasticity, Cavaccini et al. (2018) use a combination of immunohistochemistry, 3D segmentation, and morphometric analysis in two mouse lines expressing fluorescent markers at VGLUT1 or VGLUT2 in combination with a thalamic-injected retrovirus to identify glutamatergic thalamostriatal synapses and observe colocalization with 5-HT 4 R. Their measurements of morphological data confirm that 5-HT 4 Rs are preferentially localized at these synapses, though to further refine their localization, they move on to use dendritic and spine head 3D reconstruction to measure 5-HT 4 R localization within the postsynaptic domain. Their data confirm that 5-HT 4 Rs are densely localized at both axo-spinous and axo-dendritic sites of thalamostriatal synapses.
Together, the findings of the current paper make significant headway in defining the conditions, environment, and geography of modulatory control over t-LTD in the dorsolateral striatum (DLS). While previous research has focused largely on the role of dopamine and, in many cases, failed to differentiate between the multiple afferents onto SPNs, Cavaccini et al. (2018) thoroughly define a model wherein tightly localized 5-HT 4 Rs at thalamostriatal synapses negatively regulate t-LTD through BK channel activation via CAMKII, leading eventually to postsynaptic internalization of AMPARs. These findings differentiate this form of plasticity from those previously identified as being CB 1 R or NMDAR dependent.
This added nuance in the already complex landscape of plasticity occurring in the DLS serves to challenge accepted dogmas as well as broaden our collective understanding of hyper-localized, synapse-specific forms of regulatory control. While the exact behavioral correlates of this plasticity remain to be defined, the findings herein potentially illuminate a means by which thalamostriatal control over ongoing motor behavior can be fine-tuned in order to better align with incoming signals governing attention, reward, and aversion. These findings hold additional implications for the actions of 5-HT-targeting drugs, as 5-HT 4 Rs have been identified as potential targets for the treatment of major depressive disorder (Vidal et al., 2014) . Indeed, chronic elevation of 5-HT as a result of selective serotonin reuptake inhibitors treatment of obsessive-compulsive disorder (Goddard et al., 2008) or other disorders likely alters SPN plasticity via the mechanisms herein unearthed. Further studies will be required to identify the consequences of altered 5-HT tone in such cases, as prolonged elevation of 5-HT results in complicated outcomes due to its complex role in plasticity modulation. Finally, having identified functional properties and localization for 5-HT 4 Rs begs the question of what role these receptors may play in other brain regions previously identified as having 5-HT-regulated forms of plasticity, such as the ventral striatum (Burattini et al., 2014) .
